Now let R be an arbitrary w-dimensional normal space. Its spectrum, being the same time the spectrum of an ^-dimensional bicompactum, namely, of contains a Cantor manifold which by its definition lies on R. Thus theorem 7*1 is proved in its full generality. R e f e r e n c e s A lexandroff, P . 1932 M ath.
( < Communicated by Sir Lawrence
[P la te s 1 a n d 2] ♦ D etailed in terp re tatio n s o f th e X -ra y diffraction p a tte rn s of fibres an d sheets of 66 an d 6.10 polyam ides (polyhexam ethylene adipam ide a n d sebacam ide respectively) are proposed. The cry stal stru ctu res of th e tw o substances are com pletely analogous. F ibres of these tw o polyam ides u sually contain tw o different crystalline form s, a an d /?, w hich are different packings of geom etrically sim ilar m olecules; m ost fibres consist chiefly of th e a form . I n th e case of th e 66 polym er, fibres h ave been obtain ed in w hich th ere is no detectable proportion of th e /? form.
U n it cell dim ensions an d th e indices of reflexions for th e a form were determ ined b y trial, using norm al fibre photographs, an d were checked b y using doubly oriented sheets set a t different angles to th e X -ra y beam . The u n it cell of th e a form is triclinic, w ith a -4* 9 A, b = 5-4A, c (fibre axis) = 17-2A, a = 48£°, /? = 77°, y -63£° for th e 66 polym er; a = 4*95A, 6 = 5-4A, c (fibre axis) = 22 *4 A, a = 49°, ft = 76£°, y = 63£° for th e 6.10 polym er. One chain molecule passes th ro u g h th e cell in b o th cases.
A tom ic coordinates in oc crystals were determ ined b y in te rp re ta tio n o f th e relative in tensities of th e reflexions. The chains are p lan ar or very nearly so; th e oxygen atom s ap p ear to lie a little off th e plane of th e chain. The molecules are linked b y hydrogen bonds betw een C = 0 an d N H groups, to form sheets. A simple packing of these sheets of molecules gives th e a arrangem ent.
Polyamides of high molecular weight have attained considerable practical im port ance as ' nylon ' fibres. The substance most widely used in this way is the polyamide made by the condensation of hexamethylene diamine, NH 2(CH2)6N H 2, and adipic acid, HOOC(CH2)4COOH, and known as ' 66 ' polymer. (In the abbreviated nomen clature for the polyamides made from diamines and dibasic acids, two numbers are given, the first being the number of carbon atoms in the diamine and the second the number of carbon atoms in the dibasic acid. Thus, the polymer made from hexamethylene diamine and sebacic acid, HOOC(CH2)8COOH, is known as ' 6.10'). In the attem pt to correlate the physical properties with molecular structure, interest centres on the high tensile strength of the fibres (which in this respect resemble natural silk) and on the high melting-points of the polyamides as compared with polyethylene (66 nylon melts at 250° C, polyethylene at 115° C). I t is natural to suppose th at these features are due in some way to forces between the polar groups in the molecules-one expects to find hydrogen bonds between the C= 0 groups of one molecule and the NH groups of its neighbours; this expectation has been realized in the present work, in which 0 -N distances characteristic of hydrogen bonds have been found. The polyamides are also interesting on account of their relation ship to the proteins: the grouping -CO-NH-is present in both types of sub stances, and any information on molecular packing gained from a detailed study of the structures of polyamides may be useful in dealing with the far more complex problems presented by the fibrous proteins. The expectation of finding some structural features common to polyamides and fibrous proteins has, in fact, been strikingly justified in the present work, which was finished in 1941. The two polymers studied here by X-ray methods are those already mentionedthe 66 and 6.10 polyamides. It seemed likely from the start th at the crystal structures of these two substances were analogous, and it soon became evident th a t the detailed interpretation of the X-ray diffraction pattern of either polymer by itself was likely to be very difficult. Both substances were, therefore, studied concur rently; hypothetical interpretations of particular features were applied to both, and correlation of the results of such tests not only eased the task of interpretation, but led to increased confidence in the results. I t is doubtful whether, if only one polymer had been studied, it would have been possible to get as far as a detailed solution of the atomic structure such as those proposed in this paper; and certainly, any proposed interpretation would have been regarded with far more suspicion. The difficulties and ambiguities of the interpretation of X-ray diffraction patterns of high polymers are such th a t this procedure-examination of two or more struc tures which promise to be analogous-is of great value, and should be followed wherever possible.
Chain configuration. All the X-ray diffraction photographs used in the present work were taken by copper K cl radiation. Those used for the detailed interpretation in terms of atomic structure were taken on cylindrical films, in order to obtain as wide an angular range of reflexions as possible. Drawn fibres of the 66 and 6.10 polymers give diffraction patterns showing well-marked layer lines; for structure determination, it is necessary th a t the crystals in the fibres should be as large and perfect as possible, giving sharp reflexions; and the orientation should be as perfect as possible, so th a t the arcs are as short as possible. Fuller, Baker & Pape (1940) have shown how this can be achieved by suitable thermal treatment. One of the best photographs obtained is shown in figure 6 , plate 1; those of the 6.10 polymer were not quite so good as those of 66.
The repeat distances for the two polymers along the fibre axis, given approximately by the layer line spacings but determined more accurately later on in another way, are 17-2 A for the 66, and 22*4 A for the 6.10 polymer. It has already been pointed out by Fuller (1940) that, if it is assumed th at the long molecules are parallel to the fibre axis, these figures suggest that the chains must be fully extended, or very nearly so: they must be plane or very nearly plane zigzags:
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Any considerable rotation round any of the bonds to give a non-planar chain would shorten the repeat distances. Thus, for these polymers there was, from the start, very little doubt about the chain configuration; the problem to be solved was one of molecular packing-the orientation of the zigzag planes and the registration of neighbouring molecules along the fibre axis. Unit cell. One dimension of the unit cell, which will be called the c axis (the ' height' of the cell), is the same as the molecular repeat distance just mentioned-17-2 A for the 66 polymer and 22*4 A for the 6.10. The dimensions of the base of the cell, projected on to a plane normal to the c axis, are obtained from the positions of the spots on the equators of the photographs. It is important to note that both the positions and the intensities of these equatorial reflexions are almost exactly the same for the two polymers, a fact which suggests th at the molecules are packed side by side in almost exactly the same way in the two polymers. The simplest projected cell-base which fits the positions of the equatorial reflexions has edges 4 03 and 4-77 A* with an angle of 66° 15' between them ( in figure 1) ; there can be only one chain molecule passing through this cell, for the distance between unbranched chain molecules packed side by side is always of the order of 4 A. The first check of unit-cell dimensions is given by a comparison of calculated with observed density; and it can be made a t this stage (that is, before the other angles of the unit cell are considered), since the volume of the cell is equal to the product of the height and the area of the projected cell-base. The volume of the cell is, for the 66 polymer, 301 x 10~24c.c., the weight of one monomer unit 373 x 10~24g., hence the density would be 1-24. The measured density of drawn fibres of 66 polymer is 1*14 to 1*16. The measured densities of crystalline polymers are usually lower by 5 to 10 % than the true densities of the crystalline regions, owing to the presence of amorphous material of lower density; hence the density of the crystalline regions of 66 polymer would be expected to be about 1*20 to 1-25; the density calculated for the proposed unit-cell dimensions is in satisfactory agreement with this figure.
8-73A
F ig ure 1. A lte rn a tiv e cell-bases p ro je c te d on a p la n e p e rp e n d ic u la r to c (fibre axis).
To find the other angles of the cell, it is necessary to consider the positions of all the other spots on the photographs; and in doing this, it is necessary to take into account the possibility th at the true projected cell-base might be larger than th a t which fits the equatorial spots by themselves; in particular, it happens th a t the two-molecule cell A B E F in figure 1 is rectangular within the limits of error of measurement, and this may mean th at the cell is an orthorhombic or monoclinic two-molecule cell which is apparently centred when seen along the c axis.
These possibilities, and many more, were tested, using reciprocal lattice rotation diagrams (see Bernal 1926), but it was found impossible to account for the whole of the spots by any simple orthorhombic or monoclinic cell for either of the two poly mers; only improbably large cells having these symmetries would account for all the spots. Triclinic cells were then considered; and in doing this, attention was first confined to the 7th layer line of the 66 polymer. The reflexions on the 7th layer line are much stronger than those on other layers (apart from the equator), and th^re is thus a subperiod of c/7; this is evidently due to the fact th at there are in the repeating unit seven zigzags, which to a first approximation can be regarded as equivalent. The procedure of confining attention to the 7th layer line is equivalent to reducing the repeat distance of the molecules to c/7 and considering the side-by-side packing of simple zigzag chains. Moreover, the positions and relative intensities of the reflexions on the 9th layer line of the photographs of 6.10 polymer are very similar to those of the 7th layer line of 66 polymer-a fact which is further evidence th at the packing of the zigzags is the same in the two polymers, and which means th a t the procedure just mentioned should lead to a small pseudo-unit cell valid for both substances. I t was found th at the positions of these reflexions could be explained by a one-molecule triclinic cell.
The reflexions on the remaining layer lines are chiefly due to the oxygen atoms of the C= 0 groups, together with some effects due to small inequalities of the different zigzags in the repeating units. In considering the transition from the small pseudo unit cell just mentioned to the true unit cell,.it is necessary to take into account the different possibilities arising from the attachm ent of oxygen atoms to alter native positions on neighbouring chains; thus, in two dimensions, two possibilities are illustrated in figure 2. In three dimensions there are various possible unit cells, all compatible with the small pseudo-unit, but all could be ruled out except one, and this accounted well for all the spots on the photographs of the 66 polymer, except for a row of weak reflexions very near the meridian. (On most photographs, these spots are joined to other spots by streaks along the layer lines, and they may not be distinguished from such streaks; but suitably annealed specimens show them clearly-see figure 3L in Fuller et al. (1940) ; and pressed specimens, suitably oriented, show them more strongly and clearly-see our figure 9. The interpretation of the streaks will be considered later.)
On considering the merits of a corresponding unit cell for the 6.10 polymer-a cell, that is, with the same angles but different height-it was again found that all the spots on all the layer lines fitted, except a row of weak spots near the meridian. This seemed highly significant, for individual spots on the 6.10 photographs are (except for those on the 9th layer) in quite different positions from those on the 66 photographs; but the interpretation could only be correct if it could be assumed th at the weak spots near the meridian are due to a second crystalline phase present in the specimens of both polymers. This second crystalline phase would be simply a different packing of the same molecules (the repeat distance being exactly the same as in the main crystalline arrangement). This is not the first occasion on which polymorphism of this type has been sug gested to account for the X-ray diffraction patterns of long-chain polymers. Fuller &f Frosch (1939) suggest th at fibres of certain polyesters contain two different crystal line forms which can be derived from each other by simply displacing the chains parallel to each other (see figure 3 ). This is essentially the same as Schoon's suggestion (1938) to account for the various polymorphic forms of the shorter-chained hydro carbons and acids (20 to 40 carbon atoms). The mode of side-by-side packing of the zigzag chains is the same if the displacements ( in figure 3) are exact multiples of the zigzag period 2-5 A, and displacements of this magnitude do account for the known unit cells. Various forms of cell-orthorhombic, monoclinic and triclinicare obtainable by suitable displacements of the chains. The hypothesis of polymorphism was accepted provisionally, and evidence in favour of it accumulated gradually, as the interpretation became more detailed. But we shall anticipate events by saying that, after the complete interpretation presented here had been worked out, a specimen of the 66 polymer was obtained which showed no trace of the spots ascribed to the second crystalline form (see figure 10 , plate 1). The specimen was prepared by immersing a tau t fibre (0-5 mm. diameter) for 10 min. in a 7 % solution of phenol in water, then for 2 hr. in boiling water, the phenol being removed by drying in air at 65° C for 3 days. This specimen evidently consisted of a single crystalline species; had it been available earlier, it would have simplified the process of interpretation. B ut its discovery strikingly vindicated the whole scheme of interpretation which had by th at time been worked out.
The crystal form which is predominant in most nylon specimens will be called the a form. The dimensions of the triclinic unit cells of the a form of both polymers are shown in figure 4. The second crystal form, which gives the row of spots near the meridian of the fibre photograph, will be called the /? form.
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22-4 A 17-2 A F igure 4. D im ensions of unit cells of 66 and 6.10 polyam ides. The next step was made possible by the discovery th at a double orientation of the crystals can be obtained by pressing or rolling nylon fibres. In a fibre, all the crystals have their c axes parallel to each other, but in other respects are disposed at random; but in a pressed or rolled specimen, the crystals not only have their c axes parallel, but also have one particular crystal plane approximately parallel to the plane of the sheet. In a fully drawn fibre cold-rolled in the direction of the fibre axis, the c axes of the crystals remain parallel to the fibre axis, but if a long undrawn fibre is pressed, the c axes become perpendicular to the original fibre axis. The c axes set themselves along the direction of greatest flow during pressing. There is some departure from strict parallelism, especially for the second (plane) orientation. An X-ray photo graph taken with the beam passing down the c axis (figure 7, plate 1) showed that the plane which has been called 010 of the unit cell is parallel to the plane of the sheet; the same photograph confirmed the angle between the 010 and 100 planes of the cell.
When a doubly-oriented specimen is set a t any particular angle to the X-ray beam, the pattern produced is similar to th at which would be given by a single crystal or a twinned crystal oscillated over a small angle, this angle corresponding to the dispersion of crystal orientation in the specimen. For the polyamides four different orientations of the unit cell in the specimen, all of them consistent with the restrictions mentioned (one axis common and one plane common), are possible (figure 5), and the specimen thus simulates, not a single crystal, but a quadruplet. A photograph of such a specimen placed a t a particular angle to the X-ray beam shows certain reflexions only, and the intensities of them are not the same as in a fibre photograph (see figure 8, plate 1) . By observing the specimen setting a t which each reflexion is recorded a t maximum intensity, it is possible to deduce the approxi mate orientations of all the reflecting planes with respect to each other and to the axes of the specimen. The graphical method which was used for interpreting these photographs is essentially Bernal's reciprocal lattice method (see Bernal 1926) , suitably extended to deal with the fourfold twinning in the specimens.
All the reflexions appeared a t the expected angles for both polymers. I t must be emphasized that this test of the proposed unit cell is a severe one, and the result of it leaves very little doubt that the proposed triclinic unit cell for the a form is correct. From these photographs it was also possible to distinguish between alter native indices for certain spots. The photographs also indicated the orientations of the principal reflecting planes of the /? form: the reflexions are strongest when the X-ray beam is parallel to the plane of the sheet, as in figure 9, plate 1.
Atomic positions in a crystals. The final test of any proposed polymer structure is to calculate the intensities of all the reflexions, the positions of the atoms in the cell being adjusted by trial in an attem pt to obtain agreement between calculated and observed intensities. (Direct or semi-direct Fourier series methods of finding or refining atomic positions, which are used whenever possible for single-crystal photographs, are not practicable for most polymers.)
In the triclinic system, only two space-group symmetries are possible-P I , with no symmetry at all, and P I , with a centre of symmetry. Molecules of 66 and 6.10 polyamides, by themselves, both have centres of symmetry, and assuming th at this is utilized in the crystal arrangement (in this one-molecule cell, no way of avoiding its utilization is apparent), the space-group symmetry is P I .
Ignoring hydrogens, whose positions cannot be found by X-ray methods, there are eight atoms to be placed in the cell-six carbons, a nitrogen and an oxygen. From the outset, there was no doubt about the approximate form of the moleculea plane or nearly plane zigzag chain with oxygen atoms also lying in or near this plane; the problem of finding the atomic co-ordinates therefore resolves itself into the problem of finding the orientation of the molecule in the unit cell and detecting any distortions from the planar form.
It must be emphasized th at the amount of information in most polymer photo graphs is not sufficient for a quite independent determination of all the atomic positions on X-ray intensity evidence alone, such as is possible when the very sharp, detailed photographs of single crystals are available. The limitations of polymer photographs are such th a t we must be content with accepting, for the most part, interatomic distances derived from other work, and moving and distorting the molecules without departing greatly from the accepted interatomic distances. This limitation in the interpretation of polymer photographs is not really a serious one, The crystal structures of two 'polyamides (' ') inasmuch as most interatomic distances, such as C-C, C-N, C = 0 , are well established and are not likely to vary appreciably; the only circumstances in which interatomic distances are in doubt are those in which bond character is in doubt. Thus, in the polyamides, the carbon-carbon links are undoubtedly single, and their length can be assumed confidently to be 1*53 A; but the group usually w ritten -C-NH-(amide form) may actually exist as C = N -(imidol form). The carbon-
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O OH oxygen and carbon-nitrogen distances are on this account uncertain; C-O is usually 1-43, C= 0 1-25, C-N (in amides and amino-acids) 1-39, C = N 1-28. The procedure adopted was to keep the C-C bonds a t 1-53 ± 0-03, but to treat the nitrogen and oxygen atoms semi-independently, moving them about in the cell regardless of interatomic distances within the wide limits between single-and double-bond distances. The diffracting powers of C, CH2, NH and O were assumed to be in the ratios of the numbers of electrons 6 : 8 : 8 : 8, and the decrease of diffracting power with angle of diffraction to be as given for carbon by Cox & Goodwin (1936) .
The approximate orientation of the molecule in the unit cell is suggested by the cell dimensions. The distance between chains A and D in figure 1 (4-77 A) is greater than th at between A and B (4*03 A), and therefore the plane of the zigzag chain is expected to be in or near the (010) face of the cell. Furthermore, the angle /? between the a and c axes is 77°, and this is just the angle to be expected if the molecules are lying with their planes in or near (010) and with the oxygen atom of one molecule on the same level as the NH of the next, as it would be if there is a hydrogen bond between them (see figure
a).
Calculations of the relative intensities of the equatorial (hlcO) reflexions and subsequently of the whole of the reflexions confirmed this, and defined the orienta tion more closely. In the calculations, the objective was to obtain relative intensities of the same order of magnitude as those observed on the photographs, the latter being estimated by eye and classified as strong, medium, weak and so on; for the interpretation of polymer photographs it is, generally speaking, scarcely justifiable to attem pt more than this. The limitations are well brought out by experience in the present work, for it must be admitted th at entirely satisfactory agreement between observed and calculated intensities, even within this modest scope, could not be attained; and it appeared th at no adjustments of atomic coordinates could possibly remove all the discrepancies. This may mean, of course, th a t the whole scheme of interpretation is wrong; but against this it must be urged that, apart from the difficulty of finding the unit-cell dimensions (and the results here can now scarcely be doubted in view of the checks provided by the doubly-oriented specimens), the structure is a simple one, and in a one-molecule cell with only eight atoms to place and all of them closely limited in position by accepted interatomic distances and angles, the possibilities of adjustment are limited, and it can be said with more confidence than usual th at the discrepancies cannot be removed by any adjustments of atomic positions. We shall return to these discrepancies later, and merely observe here th at they are systematic, th a t they are of the same type in both 66 and 6.10 polymers, and th a t reasonable explanations have been found for them.
Accepting these systematic discrepancies, the best agreement between calculated and observed intensities was obtained by placing the plane of the chain nearly parallel to the 120 plane of the crystal, but with the oxygen atom pushed very nearly back to the 010 plane (see figure 12 )-th at is, appreciably out of the plane of the chain. In view of the uncertainties of interpretation, it may be doubted whether this feature is genuine; but in its favour it must be emphasized, first, th a t any other configuration gives a poorer agreement between calculated and observed intensities (involving non-systematic discrepancies), and secondly, th a t the determination of the chain orientation is largely independent of th a t of the position of the oxygen atom : the intensities of reflexions on the equator and on the 7th layer for 66 polymer (the 9th layer for 6.10) are determined mainly by the positions of the chain atoms, while the intensities of reflexions on all the other layer lines are determined mainly by the positions of the oxygen atoms.
The crystal structures of two 'polyamides (' ') 49 Very similar results were obtained for the two polymers with which this work is concerned. Thus the structures are completely analogous; they are completely defined by the following figures. (The parameters given for the 66 polymer imply small distortions of the chain from the strictly planar form; but it is doubtful whether these are significant. The 6.10 parameters are those of a strictly planar chain.) 66 polyamide, crystals U n it cell a = 4*9A a = 48-|0 Space gro u p P T . The best values for the lengths of the c axes were obtained from photographs of specimens rotated about a direction perpendicular to the c axis (figure 18, plate 2). For each polymer a strong reflexion was produced from a plane almost exactly perpendicular to the fibre axis (1. 3.14 for the 66 polymer, 1. 3.18 for 6.10). The spacing of this plane is equal to the length of the c axis.
The complete structure of one unit cell of the 66 polymer is shown in figure 13 , and a view along the c axis in figure 12 .
Thermal vibrations and crystal distortions. The observed and calculated intensities are compared in an appendix, and a graphical comparison for the 66 polymer is shown in figure 14 . I t will be seen th a t there are some discrepancies. Taking the average correlation of calculated and observed intensities as standard, it is noticeable th a t for reflexions from the 010 plane and from all planes making a small angle with 010 (that is, all planes in which 1c has a high value in comparison with h, such as 020, 120, 122, 124, 126 in the case of 66 polymer), the calculated intensities are much larger than the observed, while the opposite is true for planes approximately perpendicular to 010 (such as 310, 212) . No adjustments of atomic parameters can remove these discrepancies. The same is true for the 6.10 polymer. The fact th a t the discrepancies are for the most part systematic and of the same type for both polymers suggests th at they are not due to incorrect parameters, but to some general feature of the structure.
Two possible explanations of these discrepancies have been considered, and it is likely th a t both play some part in producing the observed effects. One is th a t thermal vibrations of the molecules are strongly anisotropic. Vibrations of a tri clinic structure are certain to be anisotropic, and in the case of the present proposed a-polyamide structure, in which the molecules are held together much more firmly in the 010 plane (by the hydrogen bonds-see below) than in other directions, it is likely th a t thermal vibrations will be greatest in the direction normal to the 010 plane and least in this plane; as a consequence, the intensities of reflexions from 010 and all planes making a small angle with 010 will be reduced in comparison with those from other planes. Many different types of thermal vibrations are, of course, possible in a structure of this type-sinuous movements of the chain molecules, torsional oscillations of the molecules about their axes, as well as vibrations of individual atoms. These different types of movement will affect the intensities in somewhat different ways, but in general the effects will be those already stated, which correspond with those actually observed.
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Torsional oscillations of the molecules about their axes may be responsible for the fact th at the distances between carbon atoms in neighbouring molecules are not all the same. Those between atoms in molecules 2 and 4 in figure 12 (4-3 A) are per ceptibly greater than those between atoms in molecules 1 and 2, or molecules 2 and The second possible explanation of the discrepancies in the intensities is th at the crystals are likely to be more distorted in the direction normal to the b axis than in other directions. This again is a consequence of the layer formation of the crystal structure. Each layer of molecules would be flexible in directions perpendicular to the layer (figure 15), but molecules would be less easily distorted in the plane of the layer, owing to the much stronger forces between them. The effect on the intensi ties would be similar to that of the anisotropic thermal vibrations, and it does not seem possible to decide to what extent each of the effects is responsible for modifica tion of the X-ray intensities.
Since the discrepancies can be explained in a reasonable way, it is considered that the structures proposed are acceptable interpretations of the X-ray data. In comparing the discrepancies with those encountered in an earlier case in which such effects have been discussed (Bunn 1939) , it should be noted th at the difference is that whereas in polyethylene all the hkO reflexions are weakened to the same extent (because the lateral forces are much the same in all directions), in nylon the 0&0 reflexions and those from nearby planes are weakened much more than A00 and nearby reflexions. Whether (and to what extent) hOO reflexions of nylon are weakened in comparison with those from planes normal to c-an effect which would be expected owing to the shape of the electron cloud of the CH2 group (Bunn 1939)-we do not know. I t is difficult to make a reliable comparison of these reflexions on a fibre photograph, and on a powder photograph there is too much overlapping of other reflexions.
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Structure of ft form. The amount of information available for deducing the mole cular arrangement in the /? form is meagre; nevertheless, it has proved possible to draw certain definite conclusions about it.
The single set of spots available is a set of successive orders of reflexion by one particular plane, which is nearly at right angles to the molecular length (the c axis); the spots are evidently 001, 002, etc., of the /? crystals. The spacings of these spots show that the molecular identity-period (the c axis) is indistinguishable from that of a crystals; the chain structure in /? crystals is thus the same as in the a form. The difference is in the positions of the molecules along the c axis. The state of affairs is similar to that in certain polyesters (see figure 3) , and contrasts with th at in gutta percha, which can be obtained in two different crystal forms consisting of geo metrically different molecules (Bunn 1942) .
The intensities of the spots on the set of photographs of doubly-oriented specimens make it possible to define approximately the orientation of the 001 plane. This orientation is such as to suggest a cell having an ac angle of about 77° (as in the a form) and a be angle about 90° (contrasting with 48^° for the a form). The angle of 77° suggests that in the /? form there are sheets of molecules joined by hydrogen bonds in the 010 plane, just as in the a form; the only difference between the two crystal forms would thus be in the relative positions of successive sheets of molecules. In the a form, if we take one particular sheet as the standard of reference, with the c axis vertical as usual, the next sheet is not on the same level as the first, but is displaced upwards (in our setting) by 3-55 A, this displacement defining the angle as 48£°. The third sheet is displaced in the same direction by the same amount, and so on (see figure 16 ). Since in the postulated ft cell the be angle is about 90°, it appears either th at all the layers are on the same level, or else th at there is a scheme of successive displacements, some up and some down, the net result being an eventual return to the same level. The simplest assumption is th at all the layers are on the same level, in which case the unit cell would be a triclinic one-molecule cell. The relative intensities of the 00/ reflexions are, however, such th a t this arrangement is out of the question; if all the molecules were on the same level, the relative 00/ intensities would be practically the same for the form as they are for the a form. In fact they are not; for 66 nylon, a 002 is very much stronger than a 001, whereas ft 002 has about the same intensity as ft 001 (see figure 9 , plate 1). 16 . A rra n g e m e n t of sh e ets of m olecules in a a n d ft c ry sta ls.
C. W. Bunn and E. V. Gamer
L ines re p re se n t ch ain m olecules, circles o x ygen a to m s.
The next possible structure (in order ot simplicity) is one in which the seconc layer is displaced upwards with regard to the first, and the third is on the same level as the first ( figure 16/? ). This arrangement has a triclinic two-molecule cell. I t was found th at such an arrangement does give correct relative intensities for the 00/ reflexions, if the layer displacement is about 3-0 to 3-5 A (alternately up and down); moreover, the intensities of the ft spots of the 6.10 polymer demand this same layer displacement (for figures, see Appendix). Note especially the figure for the layer dis placement (3-0 to 3-5 A) which is about the same as in the a form (3*55 A); it appears, in fact, th at the only difference between a and ft crystals is th at in the a form successive layers are displaced always in the same direction by a fixed distance 3-55 A, whereas in the ft form successive layers are displaced alternately up and down by the same distance. This correspondence between the suggested a and (3 structures (the relation being the same in both 66 and 6.10 polyamides, and thoroughly in line with the polymorphism of other chain compounds) is one more significant point in favour of the whole scheme of interpretation of nylon photographs proposed in this paper.
The structures of (3 crystals of the two polymers are defined by the following figures. Only the coordinates of oxygen atoms are given; the amount of information available is insufficient for the determination of the coordinates of chain atoms. The structure of the chains (and, indeed, th at of any one 010 layer of molecules) must, however, be very similar to th at found in a crystals. The reason why only one set of /? reflexions appears on the photographs is that the proportion of J3 crystals in the specimens is small. The 00Z reflexions appear because they fall very near the meridian of the photographs, where geometrical factors make for enhanced intensities (see Cox & Shaw 1930) . Reflexions from M0 and M 7 planes (M9 for 6.10 polymer) should have appreciable intensities, but they necessarily coincide with reflexions from a crystals, on account of the close relation between the two arrangements.
Layer line streaks. All the spots on the X-ray photographs of 66 and 6.10 poly amides have now been accounted for. In addition to the spots, there is one unusual feature in the photographs of most specimens. On each of the lower layer lines of spots, near the meridian, is a streak connecting the spots. The most intense streak is on the Second layer line, where it connects the strong a 002 spot with the weak (3 002 spot. The intensities of the streaks vary in photographs of different specimens.
Such streaks, though unusual, have been seen before in X-ray photographs of several different types of substances-the fibrous mineral chrysotile (Warren & Bragg 1930) 
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n in the case of chrysotile is th at one of the crystal axes-the b axis-is variable in length; the a and c axes are fixed by the nature of the structure, but it is possible to imagine alternative arrangements which would alter the b axis. For keratin, Astbury & Woods suggest a similar explanation, th a t one of the crystal axes is variable owing to a hydrolytic breakdown among the side-chain linkages. For the polyamides it is scarcely possible to entertain an explanation of this type, since the molecules are made from well-defined monomers of a high degree of purity, and the structure is such th at variation of the side-spacings seems unlikely.
The test of such an explanation is whether or not streaks are formed on the equator as well as on the upper and lower layer lines. The position is usually confused by the presence of 'w hite' radiation in the X-ray beam, which produces equatorial streaks with quite normal crystals. A photograph of 66 polyamide was therefore taken with copper K<x radiation monochromatized by reflexion from the 002 plane of a pentaerythritol crystal. On this photograph (figure 11, plate 1) streaks on upper and lower layer lines remain, but there are no streaks on the equator; hence there is no variation of the side-spacings.
The layer-line streaks found in X-ray photographs of substances like azoxyanisol have been interpreted by Bernal & Crowfoot (1933) as evidence th a t the longish molecules have a certain degree of freedom of position with respect to each other; they may slide along their major axes to a limited extent, thus causing the unit cell to be slightly variable in shape, this giving rise to reflexions drawn out along the layer lines. (At higher temperatures the molecules gain complete freedom of movement in some but not all respects, this type of phase being a typical liquid crystal; at still higher temperatures the substance becomes a true liquid in which all movements are possible.)
For the polyamides we suggest an explanation derived originally from the conception of two crystal forms differing from each other only in the relative positions of successive sheets of molecules. A large number of layers arranged as in figure 16 (left) constitutes an cl crystal; a large number (right) constitutes a /? crystal; but in some regions there may be parallel growths of /? on cl crystals (this is quite likely because the sheet structures are identical), and further, there may be some indiscriminate placing of layers as in figure 17 , in which small sections of cl and /? groupings follow each other a t random. Such grouping would give an X-ray reflexion at a position intermediate between those of corresponding cl and /? reflexions, and the existence in the specimen of groupings containing all possible proportions of a and /? types means th a t X-ray reflexions are produced at all positions between those of true and /? spots. The streaks must follow the layer lines, because whatever the mode of packing of the molecules, the repeat distance in the molecules (which determines the layer line spacing) remains constant. This is what is observed in the photographs-for instance, in figure 11 , plate 1, a 002 is connected to /?002 by a continuous streak which follows the 2nd layer line (on photographs taken in a cylindrical camera it is a straight line). It is also worth noting th at in figure 11 , plate 1, the streak does not appear to cross the meridian of the photograph; it merely joins the a to the ft spot without going beyond the /? spot. This is consistent with the idea (embodied in the above explanation) th a t there is no disturbance of the structure of individual layers of molecules; the ac angle 77° in each layer is maintained, and this ensures that, whatever the positions of neighbouring layers of molecules (within the scheme given), the angle made by 002 with the c axis is never greater than 77°, and this is the reason why the streak does not cross the meridian of the photograph. (Only certain 66 photographs were sufficiently well defined to show this; in the 6.10 specimens the orientation of the crystals was not good enough.)
The crystal structures of two polyamides (' 57 in register just as in the crystals. For a similar reason, the fact th a t the streak on the 2nd layer is strong means th at the oxygen atoms are also in register as in the crystals. In fact, the relative intensities of the streaks on the different layer lines are consistent with our picture of composite a-/? groupings rather than with a more complete disorder.
The fact th at it is possible to explain the layer-line streaks in a manner arising naturally from the two-crystal theory is regarded as another point in favour of the present scheme of interpretation. The complexity of the interpretation (two triclinic crystal forms together with composite groupings) is matched by the wealth of evidence (positions and intensities of spots, orientation of crystal planes, and the intensities of layer-line streaks).
Amorphous material. The only remaining feature of polyamide fibre photographs is the diffuse ring passing through the first intense equatorial spot. Most X-ray photographs of polymers show such a ring, which indicates the presence of a certain proportion of molecules or sections of molecules not arranged or oriented in any precise way. The distances between such molecules are not constant but are likely to be equal or a little greater than the side-spacings in the crystals, and this is why the diameter of the ring is such th at it passes through the inner of the two intense equatorial spots which show the side-spacings in the crystals. (The inner of the two rings corresponds to the greater spacing.)
The possibility of the presence in the amorphous material of molecules not having the straight-chain structure of the bulk of the material must not be overlooked. B ut observe in the first place th a t in view of the spacing of the amorphous ring (4-5 A) there is no room for side-chains. Secondly, the presence of significant amounts of large ring molecules (which would assume a long loop form with side-spacing similar to those of the chains-see Muller (1933)-is considered unlikely by Carothers (1940)).
All the features of X-ray diffraction photographs of 66 and 6.10 polyamides have nowr been accounted for. One is now in a position to consider the intermolecular forces in the crystal, and then to pass on to questions of texture and physical properties.
Interatomic distances and intermolecular forces. The most striking feature of the a structure ( figure 13 ) is th at the oxygen of one molecule is found opposite the nitro gen of the next; and the distance between these two atoms is 2*8 A, in both the 66 and 6.10 polymers. The Van der Waals radius of NH is about 1*8 A and th at of The question whether the molecules have the amide or imidol structure is not answered by the present work: atomic parameters cannot be determined with sufficient accuracy. This is illustrated by the figures for the C-O distance, which in the 66 polymer appears to be about A and in the 6.10 polymer 1-28 A; it is obviously not possible to decide whether the bond is single (for which the usual distance is 1*43 A) or double (1-25 A). The distance from carbonyl carbon to nitrogen appears to be about the same in both polymers (~ 1*40 A); but this must be regarded as fortuitous, although the figure does agree with th a t found in other amides.
Apart from the hydrogen bond distance between N and O atoms, all the other distances between atoms of neighbouring molecules are the normal ones character istic of the Van der Waals forces. The hydrogen bonds link molecules together in sheets in the 010 plane; but the finks in other directions are much weaker, and the whole structure is thus of a pronouncedly layer-like type. I t is this feature which is responsible for the plane orientation in rolled or pressed sheets-the sheets of molecules finked together by hydrogen bonds are found parallel to the plane of the sheet of material. In a more general way, it is likely th a t the high tensile strength of nylon fibres, which enhances their practical value, owes something to the hydrogen bonds: when a fibre is broken it is likely th a t individual chains are not broken, but th at crystals are pulled apart by shear (molecules slipping past each other parallel to their lengths), and this would be the more difficult, the stronger the forces holding the molecules side by side.
The other features of the crystal structure we have to try to understand are: (1) the orientation of the plane of the zigzag about 20° to the 010 plane, and (2) the mode of packing of the layers.
(1) The relative positions of any two neighbouring molecules in one layer (e.g. 1 and 2 in figure 13 ) are settled primarily by the hydrogen bonds, which keep the oxygen atom of one molecule on the same level as the nitrogen of the next, and fix the ac angle of the cell a t 77°. But this has the effect of placing the CH2 groups awkwardly:
\ / These groups do not interlock; the projections of one chain are on the same level as the projections of the next. This is presumably the reason (or one of the reasons) why the zigzag chains turn away from the 010 plane; it is an attem pt to relieve the packing situation. Possibly the positions of the hydrogen nuclei have something to do with the actual angle assumed. The principles of packing of hydrocarbon mole cules are not entirely clear, but it may be that the CH2 group should not be regarded as an unresolved packing unit (as the electron density distribution might suggest), but th at the positions of hydrogen nuclei are important. Mack (1932) has suggested th at in several hydrocarbons the packing is determined by this sort of interlocking of hydrogens, while the arrangement in polyethylene (Bunn 1939) may be regarded in the same way. Examination of a model of the present polyamide structure
The crystal structures of two polyamides (' ')
suggests th a t here also the arrangement of hydrogen nuclei may play a part in determining the orientation of the chains.
(2) As mentioned above, any one layer is displaced along the c axis by 3*55 A with regard to its neighbouring layer. Why the distance 3-55 A?
In the first place, the layers would not be expected to be on the same level, because such an arrangement would not interlock; this is true, whether a CH2 group is regarded as an unresolved packing unit or whether one takes into account Mack's principle of hydrogen interlocking. The side-by-side positions of the layers are, of course, also concerned in the packing; but here there is no alternative to the arrangement in figure 12 , where molecule 4 fits into the hollow between 1 and 2. The available levels consistent with good packing* are those with displacements of about ! i ' I 3 ' T i ( = 1 '23' 3'68' 6'14A) and so on. Obviously the first-mentioned position would not be favoured, because the polarized groups would be too close: arrangements of this sort
are not likely to be stable. In the second position, with a displacement of about 3*5 A (that actually found in the crystals), these polarized groups would be sufficiently far apart to have little interaction, but it is difficult to see why this second position should be any better than the third (to say nothing of other positions); any ex planation must be valid for both 66 and 6.10 polymers, and so far no satisfactory explanation has been found. Presumably this will become clearer as knowledge of similar structures accumulates. Optical properties. In the triclinic system, the three principal vibration directions-• the three axes of the indicatrix-are not necessarily related in any simple way to the axes of the unit cell. To measure the three principal refractive indices associated with these vibration directions, it would be necessary to have single crystals. These are not available; the nearest approach is a doubly-oriented strip in which there are four different orientations of the unit cell. However, the structure is such that the refractive indices for the vibration directions defined in the doublyoriented strip are likely to be near the true principal values, since the principal axes of the indicatrix are likely to lie near the axes of the doubly-oriented strip. The three indices of the strip will be called a', /?' and cl' is the index for light vibrating perpendicular to the plane of the strip (perpendicular to the molecular sheets), /?' the index for light vibrating in the plane of the strip and at right angles to the molecular axes (that is, along the C= 0 bonds), and y ' the index for light vibrating along the molecules (see figure 5) .
For the 6.10 polymer, /?' and y' were measured on the Abbe refractometer; the strip, suitably oriented, was put in optical contact with the prism by a film of bromonaphthalene. The remaining index a ' was obtained by making use of the properties of a fibre, which gives y' for light vibrating along the fibre and the average of a ' and /?' for light vibrating across the fibre (on account of the random orientation of the crystals in this plane). From the value of j(oc' + /?') thus measured (1*500-this was done under the microscope by the immersion method), was calculated. The three indices are cl' -T 475, /?' = 1-525, y ' = 1-565.
For the 66 polymer, y'( = 1-580) was obtained from a doubly-oriented strip on the Abbe refractometer, and also from a fibre under the microscope. \(a ' + /?')( = 1-520) was also obtained from the fibre (as for the 6.10 polymer). To calculate cl' and /?' separately, use was made of the interference figure produced in convergent polarized light. A doubly-oriented strip viewed normally gives a figure very similar to th a t of a biaxial single crystal, except th a t there are no dark hyperbolae passing through the 'eyes' (figure 206, plate 2). Ignoring for a moment this abnormality, assume th a t the distance between the ' eyes ' is a measure of the optic axial angle. By comparison with crystals of known optic axial angle, it was found th at the angle 2V for the 66 polymer is about -45°. From the approximate relation cos2 = (/?' -ct')/(y' -cl'), and from the already known values of y ' and ^(a' + /?'), the two indices a' and /?' were calculated. The three indices are cl' = 1-475, /?' = 1-565, y ' -1-580.
The abnormality of the interference figure-the absence of dark hyperbolae through the * eyes '-is probably due to a variation of the optic axial angle in different small regions of the field of view or in layers at different distances from the surface of the sheet. Such a variation of the optic axial angle would be expected owing to the occurrence of different degrees of perfection of orientation of the crystallites; this would not affect the lemniscates to any great extent, but would remove the hyper bolae. If this explanation is correct, the positions of the 'eyes ' would give a reliable though approximate indication of the average optic axial angle.
Some doubly-oriented sheets showed, in some regions, much more abnormal effects; one example is illustrated in figure 20c , plate 2. I t is possible th at such effects are due to the presence of a small proportion of crystals having a different orientation from the majority, depending on the direction of flow in different parts of the specimen during pressing or rolling. Experiments with mica sheets showed th a t such effects can be simulated by superimposing a very thin sheet on a thicker sheet, the optic axial planes being a t right angles. I t requires very little of a secondary reversed orientation to produce these effects.
The interference figure given by 6.10 specimens (figure 20a, plate 2) shows that the optic axial angle is greater than th at of 66; this is in accordance with the measured values of the refractive indices, which give 2V = 90°.
The maximum refractive index is, as would be expected, for light vibrating along the molecules; this is a consequence of their chain character. Of the other two indices, the greater is for fight vibrating in the plane of the strip, th at is, along the C = 0 bonds; this is in accordance with expectation, since double-bonded groups have a higher index for fight vibrating along the bond than for fight vibrating across the bond. And it is noteworthy that /?' is higher for the 66 than for the 6.10 polymer; this is due to the higher proportion of C= 0 groups in the former. Finally, cl' is the same for both polymers; this is not surprising, since the vibration direction for cl' is across the double bonds, which therefore would not affect the value of the index.
Thus the optical properties of polyamide specimens are thoroughly consistent with the structure deduced by X-ray methods. (The optical properties of the /? crystals in the specimens would be expected to be very similar to those of a crystals.)
Texture of nylon specimens. Unorierited nylon is opaque, except in very thin sheets; in this it resembles polyethylene, guttapercha and other crystalline polymers. The optical discontinuities responsible for the opacity are not boundaries of single crystals, for the crystals are too small to be seen microscopically and, judging from the diffuse character of the X-ray reflexions, are probably much smaller than 1000 A in diameter-th at is, very much smaller than the wave-length of visible light. The optical discontinuities are the boundaries of spherulitic aggregates of crystals. The spherulitic structure can be seen clearly in thin films: when examined between crossed Nicols, the black crosses indicative of a radial arrangement can be seen. The polyamides thus form additional examples of high polymers having a spherulitic structure, and this strengthens the impression (see Bunn & Alcock 1945 ) th a t this may be the normal manner of growth of crystalline high polymers generally.
In spherulites of polyethylene and rubber, the optical properties show th a t the molecules are tangentially disposed; and this is consistent with the view th at crystals grow outward from a point by side-by-side accretion of portions of molecules. In nylon spherulites, the use of the quartz wedge shows th at for the 66 polymer the refractive index for the radial vibration direction is higher than for the tangential vibration direction; this is opposite to the state of affairs in polyethylene and rubber, and might seem to suggest th at in nylon 66 the molecules are radially disposed. But this is not necessarily so; the optical properties are equally consistent with the view th at the crystal direction which lies along the radius of a spherulite is the a axis or the nearby hydrogen bond direction. The refractive index for this direction (/?') is, for the 66 polymer, nearly as high as y ', and a spherulite having this structure would have /?' as its radial refractive index and |-(a' + y') (which is less than /?') as its tangential refractive index. (Along any one radius there are crystals having all orientations obtainable by rotating about the /?' direction.) Thus the optical proper ties are consistent with the radial direction being either the c axis (the molecular axis) or the hydrogen bond direction. The latter seems more likely to be correct, since crystal growth in polymers seems to be a m atter of side-by-side accretion of portions of molecules; and one would expect the formation of sheets by growth along the hydrogen bond directions.
I t would be expected th at individual crystalline regions would be larger along the a axis than along the b axis. In X-ray diffraction photographs of fibres there is some evidence which is consistent with this: reflexions from planes like 010, 120 are rather more diffuse than those from 100; this is consistent with a smaller dimension along b than along a, though it does not prove it, since there are other possible causes of the broadening of reflexions.
When unoriented specimens are drawn into fibres, the crystals become parallel to the fibre axis. Fankuchen & Mark (1944) have taken X-ray photographs at various points on the shoulder between drawn and undrawn portions of a fibre, and have found evidence th a t the first thing th a t happens is th a t a particular plane becomes oriented parallel to the fibre axis; later, this 'ribbon' orientation is succeeded by the final chain orientation. The evidence is that, of the two strong rings which are the outstanding features of X-ray photographs of unoriented material, the outer one becomes contracted to equatorial arcs a t an earlier stage than the inner one. The present work has shown th at the outer one consists of reflexions from 010 and 110 planes, the former being the stronger, while the inner one is 100. Evidently the 010 plane becomes oriented first; this is natural enough, since this is the plane in which molecules are held together strongly by hydrogen bonds. A specimen may be regarded crudely as a number of flat plates tied together by strings; on drawing, the first thing th a t happens is th a t the plates tend to become parallel to the direction of drawing.
Crystallographic relations between polyamides and . The crystal structures of the fibrous proteins such as silk fibroin and keratin (hair) are not known in detail, but some of the principal spacings and other features are known, and the relations between these and the corresponding features in polyamide crystals are worth noting.
In the first place, the fibrous proteins have a side-spacing of about 4-5 A which is remarkably constant from one protein to another (Astbury 1940) ; this is what Astbury calls the * backbone spacing '-the distance which shows the spacing of the main chains in one particular crystal direction. The other main side-spacing, in a direction roughly at right angles to the backbone-spacing, varies from one protein to another (in /?-keratin, for instance, it is 9-8 A, in silk fibroin 4-3 A), and is appa rently due to the side-chains, the size of which varies in different proteins. I t is considered by some writers th at the constancy of the spacing of 4-5 A is an indication th at the chains are packed in a similar way in the various proteins, and th at hydrogen bonds are responsible for the type of packing:
The two side-spacings in 66 and 6.10 polyamide crystals are 4-4 and 3*7 A. The former of these, 4-4 A, is the spacing of the 100 planes of the crystals and it has been shown that the 100 planes are bridged by CO..... HN hydrogen bonds. And this is not all: in doubly-oriented strips of polyamides made by pressing or rolling, it has been found th at the sheets of molecules joined by hydrogen bonds lie in the plane of the strip. Astbury & Sisson (1935) have made doubly-oriented keratin strips by compressing pieces of horn in an atmosphere of steam, and find th a t the crystal plane having the spacing 4*5 A is normal to the plane of the strip; in other words, if hydrogen bonds bridge the 4*5 A plane, the hydrogen bonds lie m th e plane of the strip. (The side-chains are normal to the plane of the strip.) The correspondence is complete.
The orientation of crystals in pressed sheets is presumably determined by the relative dimensions of the crystals and on their cleavages. Polyamide crystals are probably larger along the a axis than a t right angles to it, and on pressing a specimen, the larger dimension of a crystal would be expected to set itself in the plane of the sheet; in addition, cleavage would occur most readily along 010, making the crystals still thinner in the direction normal to the a axis, and thus the tendency for the a axis to lie in the plane of the sheet would be increased. K eratin crystals are likewise probably larger in the direction thought to contain the hydrogen bonds than in the other lateral direction (in this case the side-chain direction) (see Astbury & Sisson 1935) ; cleavage is less likely to occur in keratin, because some of the side-chains are thought to join main-chains by primary bonds.
Another correspondence is revealed when the whole X-ray pattern of keratin is compared with those of the polyamides. Astbury & Street (1931) remark th a t all but two of the spots in the /?-keratin photograph belong to a single zone-the zone of planes perpendicular to the plane in which the hydrogen bonds are thought to lie. The photographs of polyamides are similar in this respect; planes perpendicular to the hydrogen bond plane give relatively strong reflexions, while those making small angles with the hydrogen bond give abnormally weak reflexions. The explana tion suggested by Astbury & Street for the non-appearance of the theoretical number of reflexions in the case of keratin is th a t it is due to imperfect or variable intermolecular junctions in the side-chain direction-variable owing to the varying sizes of side-groups a t different points along the main chains. This does seem a reasonable explanation; but the fact th a t similar features are shown by the poly amides, in which there are no side-chains, suggests th at there may be an alternative explanation not involving side-groups; and we suggest th at the explanation we have pu t forward for the polyamides-anisotropic thermal vibrations and crystal dis tortions-may also account, a t any rate partly, for the phenomenon as it occurs in /?-keratin.
Yet another correspondence is found in the layer-line streaks which occur on X-ray photographs of both steam-stretched keratin and the polyamides. In the case of the polyamides, such streaks, since they occur only on upper and lower layer lines and not on the equator of the fibre photograph, cannot be due to variation of side-spacings, and we have suggested th a t they are due to indiscriminate displace ments of successive layers of molecules along the fibre axis. In the case of steamstretched keratin, Astbury & Woods (1933) suggest th a t the streaks, which are here found on the equator also, are due to the effects of a hydrolytic breakdown among the side-chain linkages. Now this hydrolytic breakdown may have two different crystallographic effects; one is to modify the side-spacings, the other is to break the covalent disulphide cross-links, and thus to make possible some slipping of hydrogen-bonded layers past one another. This last effect would give rise to the same sort of partial disorder as that which apparently exists in nylon.
All these very striking correspondences between the X-ray patterns of the poly amides and the fibrous proteins suggest that the crystals are built on the same general plan. This plan is now known for two polyamides, and it is encouraging to note th at the current ideas on the interpretation of protein X-ray patterns do corre spond in a general way with what is now known of the polyamides: the conception of protein molecules joined in sheets by hydrogen bonds corresponds with the known structure of the polyamides. The expectation of finding some general structural features common to the polyamides and the fibrous proteins has thus been justified; and, moreover, the interpretation of certain details in the X-ray patterns of the polyamides has led to suggestions of corresponding interpretations for the fibrous proteins. D e s c r i p t i o n o f P l a t e s 1 a n d 2 P late 1 F ig ures 6 to 11. X -ra y d iffra ctio n p h o to g ra p h s (copper ka ra d ia tio n ). F ig ure 6. D ra w n fibre. F igure 7. D o u b ly -o rie n te d s trip , c ax is p a ra lle l to X -ra y b ea m . P la n e o f s tr ip v e rtic a l.
F igure 8. D o u b ly -o rie n te d s trip , c ax is v e rtic a l p la n e 75° to X -ra y b ea m . N o te th a t m a n y o f th e reflexions o f figure 1 a re m issing.
F ig ure 9. D o u b ly -o rie n te d strip , c ax is v e rtic a l p la n e p ara llel to X -ra y b ea m . T ak e n on cy lin d rica l film , axis h o rizo n tal. 
